Abstract: An accurate estimation of mineral grades in ore deposits with heterogeneous spatial variations requires defining geological domains that differentiate the types of mineralogy, alteration and lithology. Deterministic models define the layout of the domains based on the interpretation of the drill holes and do not take into account the uncertainty in areas with fewer data. Plurigaussian simulation (PGS) can be an alternative to generate multiple numerical models of the ore body, with the aim of assessing the uncertainty in the domain boundaries and improving the geological controls in the characterization of quantitative attributes. This study addresses the application of PGS to Sungun porphyry copper deposit (Iran), in order to simulate the layout of four hypogene alteration zones: potassic, phyllic, propylitic and argillic. The aim of this study is to construct numerical models in which the alteration structures reflect the evolution observed in the geology.
Introduction
Estimating mineral grades in ore deposits with heterogeneous spatial variations usually requires defining geological domains according to mineralogy, alteration and/or lithology. Deterministic models of these domains, based on geological knowledge and on the interpretation of drill hole data, generally fail at reproducing the true spatial variability and at measuring the uncertainty in the domain layout. Geostatistical simulation overcomes these limita-tions, by constructing multiple numerical models (called realizations) that reproduce spatial variability and, therefore, provide realistic outcomes of the geological domain layout. To date, many simulation approaches have been proposed, such as sequential indicator [1, 11] , multiplepoint [20] , truncated Gaussian [15] and plurigaussian [2] simulation. The benefits and limitations of these approaches have been discussed in the literature [5] and are out of the scope of this work.
This work presents an application of one specific simulation approach (plurigaussian simulation) for modeling hypogene alteration domains in the Sungun copper deposit, northwestern Iran. These domains correspond to potassic, phyllic, propylitic and argillic alterations, respectively, and their layout is complicated enough not to be modeled by deterministic methods. Simulated alteration models allow quantifying the uncertainty in the domain layout and are helpful for resource and reserve estimation, as well as mine and plant planning. The choice of the plurigaussian approach is motivated by the fact that it enables the incorporation of geological knowledge, through the definition of the contact relationships between the alteration domains, the modeling of spatially-varying domain proportions, and the reproduction of conditioning data from exploration drill holes. In the last decade, this approach has proven to be versatile and has been applied to the modeling of ore deposits with varied geological settings, such as granitehosted deposits [19] , roll-front uranium deposits [8, 16] , kimberlite pipes [6] , copper porphyries [4, 17, 21] , nickel laterites [14] , or carbonate-hosted lead-zinc deposits [22] .
Presentation of the case study

Geological description
The Sungun copper deposit is located in the Azarbaijan province, Iran, in the northwestern part of a NW-SE trending Cenozoic magmatic belt (Sahand-Bazman) in which porphyry copper deposits are located [18] . The emplacement of Sungun stock took place in several intrusive pulses associated with hydrothermal activity (e.g., [9, 10] ), but the arrangement of alteration and mineralization domains does not follow the simple models of porphyry systems ( Figure 1 ). Alteration assemblages and related mineralization in Sungun porphyry copper deposit have been investigated by geological mapping and detailed studies of the mineralogy, petrography and chemistry of a large number of drill cores and outcrop samples from various parts of the deposit. Early hydrothermal alteration was dominantly potassic and propylitic, and was followed by later phyllic and argillic alteration.
Main alteration domains
Four main alteration domains are identified in Sungun deposit:
• Potassic alteration (POT): The earliest alteration is represented by potassic mineral assemblages developed pervasively and as halos around veins in the deep and central parts of the Sungun stock. This alteration displays a close spatial association with mineralization, as about sixty percent of the copper and all of the molybdenum was emplaced during this alteration episode [10] .
• Phyllic alteration (PHY): The change from potassic alteration to phyllic alteration is gradual. Phyllic alteration is characterized by the replacement of almost all rock-forming silicates by sericite and quartz and overprints the earlier potassic zones.
• Argillic alteration (ARG): Feldspar is locally altered to clay down to a depth of 400 m, and within 80 m of the erosional surface, the entire rock has been altered to an assemblage of clay minerals, hematite and quartz. The altered rocks are soft and white colored. A shallow level of alteration is interpreted to represent a supergene blanket over the deposit and the deeper clay alteration of feldspar may have had the same origin.
• Propylitic alteration (PRP): Propylitic alteration occurred contemporaneously with potassic alteration and tends to surround the deposit.
Data set
A set of exploration drill holes is available with an average sampling mesh of 100 m × 100 m. For this study, we selected a set of vertical drill holes and focused on a volume of 1000 m along the east-west, 1200 m along the north-south and 1100 m vertically. The drill holes have been logged every 2 meters, totaling 34,563 sample points with information on the four alteration domains ( Figure 2 ). Figure 3 shows the normal probability plot for the copper grades in the whole data set. The changes of slope in this plot suggest that the copper grade data are a mix of different populations. The statistical parameters of copper grade in the different alteration domains are presented in Table 1 , where it is seen that the grade distribution strongly differs between one domain and another. This led geologists to separate the alteration domains before the resources estimation process, as different behaviors are expected in these domains. Phyllic and potassic alterations turn out to be the main alterations in the deposit, with 72.46 percent and 23.58 percent of the data, respectively. Argillic alteration is present in the superficial areas, with 1.45 percent of the data, while propylitic alteration, which is located around the deposit, contains 2.50 percent of the data.
Methodology
Plurigaussian simulation
Plurigaussian simulation [2] is a geostatistical approach that aims at reproducing the layout of geological domains forming a partition of space. It relies on the following: • two or more Gaussian spatial random fields, generally assumed independent;
• a truncation rule, which establishes how domains are obtained from the Gaussian random field values.
As an example, consider two independent Gaussian random fields (Y 1 and Y 2 ) defined over the geographical space, and the following truncation rule to define three domains:
2 where 1 and 2 are pre-specified real values (thresholds). Geometrically, the truncation rule can be represented by a two-dimensional flag, in which each axis represents a Gaussian random field and the rectangular areas correspond to the couples of Gaussian values associated with each domain (Figure 4 ). This flag shows the allowed and forbidden contacts between domains (in the present example, all the domains are in contact), while the thresholds determine the proportion of space covered by each domain. When the domain proportions are not constant in space, one can consider the use of spatially varying thresholds [3] . The spatial behavior of the domains mainly depends on that of the underlying Gaussian random fields; for instance, the anisotropy of the second Gaussian random field (Y 2 ) in Figure 4 leads to an anisotropic behavior for domains 2 and 3, but not for domain 1 that is defined only on the basis of the first Gaussian random field (Y 1 ). In practice, the spatial correlation structure of the underlying Gaussian random fields is inferred in order to fit the correlation structure of the domains (indicator variograms). The reader is referred to the specialized literature [2, 7, 12] for details on the inference and simulation of a plurigaussian model.
Figure 4. Realizations of two independent Gaussian random fields
(left) and of three domains obtained by applying the truncation rule (right).
Application to Sungun alteration data
As mentioned in the previous example, the truncation rule must be defined so as to reproduce the authorized and forbidden contacts between domains. In Sungun deposit, each alteration can be in contact with the other three, as observed in the data set (Tables 2 and 3 ) and corroborated by geological knowledge. Because the design of a two-dimensional flag containing four domains in contact with each other is not straightforward, we prefer to work with a three-dimensional flag, i.e., to consider three Gaussian random fields {Y 1 
Simulation of alteration domains
Definition of soft conditioning data to reproduce the spatial variations of domain proportions
The interpreted geology of the deposit indicates that argillic alteration is preferentially located in the superficial area of the deposit, while potassic alteration is mainly located in deeper parts. In order to account for the variations of the alteration domain proportions with elevation and to obtain geologically realistic realizations, we will define a set of "soft" conditioning data over a regular grid covering the area to simulate. Specifically, for each grid node and each alteration domain, we define a lower bound and an upper bound for the probability of finding the domain [7] . To this end, the domain proportions are experimentally calculated at each elevation ( Fig. 10 ) and the lower and upper probability bounds are defined by applying a tolerance of ±10% around these experimental proportions. This tolerance accounts for the uncertainty in the true proportions. However, in the superficial areas of the deposit, the upper bound of the interval is reduced for potassic alteration and increased for argillic alteration, and vice versa for the deeper part of the deposit. Table 3 . Contact probability matrix, showing the probabilities, when leaving an alteration domain, to get into another domain. These probabilities should be viewed in relation to the domain proportions given in Table 1 . 
Simulation of alteration domains
Provided with the model (Section 3) and with the conditioning data (drill hole data and soft data, as defined in the previous subsection), the alteration domains are simulated using the methodology presented in [7] . Specifically, 50 realizations are obtained on a grid with spacing of 5 meters along the east-west and north-south directions and of 2 meters vertically. Figure 11 displays one of these realizations. It is observed that the propylitic al- teration tends to surround the deposit and, as expected, the argillic alteration is preferentially located in the superficial area of the deposit and the potassic alteration in deeper parts. This observation can be further confirmed by calculating the probability of occurrence of the potassic alteration (this probability is estimated by calculating, at each grid node, how many realizations indicate potassic alteration, in relation to the total number of realizations). In the map, the regions painted in red correspond to grid nodes where one is pretty sure to find potassic alteration, while the regions painted in blue correspond to grid nodes where potassic alteration is unlikely to be present. Finally, the regions painted in green indicate a greater uncertainty on whether or not potassic alteration could be found. The realizations of alteration domains so obtained are helpful for the resource/reserve evaluation step, insofar as the argillic and propylitic alterations (with no economic mineralization) should be separated from the potassic and phyllic alterations when estimating the copper grades. This way, it is possible to better reproduce the geological characteristics of the deposit and, together with the probability maps as in Figure 12 , to define an accurate mining and processing plan. 
Validation of results
The quality of the realizations can be validated by comparing their statistics against the original data statis- tics [13] . In this respect, Figure 13 shows the global proportions of the four alteration domains in each realization and in the original data, while Figure 14 displays the indicator variograms of the potassic domain along the three principal directions, calculated on the basis of the original data and of the simulated values (similar figures could be obtained for the other three alteration domains). In all cases, it is seen that the realizations reproduce the input data statistics fairly well, up to small statistical fluctuations. The chosen number of realizations (50) can also be supported by the fact that, with this number, the statistics calculated over the set of realizations (such as the mean and the standard deviation of the domain proportions) have relatively small fluctuations, while fluctuations are more important when considering fewer realizations (Figure 15 ).
Conclusions
Instead of deterministic modeling of the main hypogene alteration domains in Sungun copper deposit, this study focused on stochastic modeling based on conditional simulation, in order to get realistic numerical models (realizations) that reproduce the spatial variability of the alteration domains. The realizations are an input for the estimation of mineral resources and ore reserves, as argillic and propylitic alterations have no economic mineralization and should not be considered in the grade estimation process. They also allow quantifying the uncertainty in the spatial layout of the alteration domains, through probability maps, which is helpful for mine and plant planning.
According to the simulation results, the plurigaussian model proves to be versatile to reproduce the spatial structure of the alteration domains, their contact relationships and global proportions. It can also incorporate geological knowledge (information from drill hole data and soft information on the domain proportions along the vertical coordinate) to make the results more realistic from a geological point of view.
